Abstract. Nowadays the stability investigation of large objects, such as towers, buildings, bridges, etc. without disturbing their function plays a very important role in disaster prevention. For detection of structural damages dynamic testing methods using artificial exciting signals are carried out commonly. Sometimes natural e¤ects (wind, micro-seismic vibrations) are utilized as input signals. For health and earthquake risk assessment of large, dangerous objects a steady, periodical exciting signal is much more advantageous than occasional e¤ects, e.g. wind blasts or micro-seismic vibrations with statistical characteristics. Due to the tidal phenomena of the Earth the solid Earth crust is periodically deformed. The tidal e¤ect can be calculated from the astronomical parameters of celestial bodies (Moon, Sun and planets). In a normal case the Earth tide can only be measured by means of very high sensitive instruments in deep observatories built in the bedrock but not on the surface in sediments or soils. In special cases the large objects, as high towers, large buildings, long bridges, etc. gain the tidal deformations like a vertical pendulum and transfer these movements to the surrounding ground. These increased deformations can be measured on the objects and in their surroundings by sensitive instruments. To investigate this technical possibility, long-term tidal measurements were carried out at the TV tower and at the church Kecske in Sopron (Hungary) by the Geodetic and Geophysical Research Institute of the Hungarian Academy of Sciences. The results show that the main diurnal and semidiurnal tidal waves are measurable but sometimes they are strongly disturbed by weather variations (temperature, wind, sunshine). The changes in the response of the object to the periodical tidal exciting signal could give us information about the health of the whole structure of the object. The relationship between the object and the ground deformations can be probably used for earthquake risk assessment of the object.
Introduction
The interest in monitoring structures to detect damages at the earliest stage is steadily increasing. In the civil construction sector there is a very strong demand for monitoring systems of structural damages. The motives are the increasing number and rising age of structures and the reduction of budgets available for inspection and maintenance at the same time. Currently applied damage detection methods are visual or localized ones based on di¤erent techniques. All these methods require a priori knowledge of the location of the probable damage and the accessibility of its area. The need for quantitative and global damage detection methods which are applicable to complex structures has led to the research of methods using detection of changes in structural vibration and deformation. The methods are based on the fact that the damage will alter the response of the object due to changes in sti¤ness if it is excited by natural or artificial signals. Although this assumption appears simple, its application is a real technical challenge. For health monitoring of objects dynamic tests are recently carried out by inducing vibrations artificially. This impact test, as the name implies, consists of disturbing the structure from its quiescent condition by a single impulse or by a steady vibration signal, and monitoring the resulting response with accelerometers. These tests are quick and simple to execute, and are usually adequate for obtaining the in-situ vibration properties of relatively simple structures, but they are not suitable for damage detection of the whole object. These impact tests cannot be carried out without disturbing the function of the object although its undisturbed operational condition is a fundamental requirement. Beside the health monitoring of objects another important research task of the next decades will be the assessment of the vulnerability and safety of existing structures to loads from natural hazards as earthquakes, landslides, rock slides, ground settlements, mudflows, strong winds, etc. For these purposes not only the measurement of object motion and deformation but also the simultaneous monitoring of ground motions in the vicinity of the object is necessary. The knowledge of the connection between an object and the ground plays a very important role for earthquake risk assessment and planning of more stable, reliable and motion-proof constructions. It is the reason why the Geodetic and Geophysical Research Institute of the Hungarian Academy of Sciences (GGRI) in Sopron in cooperation with the Geological Institute of the Bonn University carried out investigations on the TV-tower in Sopron how natural exciting e¤ects e.g. wind, sunshine, earthquakes, micro-seismic activity, ambient vibrations can be used for health monitoring of objects (Mentes and Fabian 2001 , Mentes 2004a , b, 2005a . The disadvantage of this method is that there are no well defined, steady input signals which make the easy comparison of the repeated measurements possible.
In the GGRI the tidal phenomena of the solid Earth have been researched since 1971 (Mentes, 2005b) . Earth tide is a phenomenon which causes the viscous-elastic deformation of the solid Earth due to the gravitational attraction of the Moon, the Sun and the planets. This attraction varies with time and with the orbital characteristics of these celestial bodies causing periodic deformation of the entire Earth. The tidal deformation of the Earth can be calculated a priori from the movements and orbital data of celestial bodies. This gave the idea to investigate whether the tidal signals can be used as exciting signals for health monitoring of objects. The TV-tower and the church Kecske in Sopron were chosen for the test measurements. Simultaneous tidal observations on the TV-tower and in its surroundings were carried out by means of tiltmeters. The tidal tilt variations were recorded both in the tower and in the ground deformations. The measurements were repeated at the church Kecske in the downtown of Sopron under more noisy circumstances than in the case of the TV-tower. Tidal waves were also detected here. The tidal phenomena are briefly described below and the results of the test measurements are given thereafter.
Earth tides
To understand the tides of the solid Earth let us see the Earth-Moon system. The Earth and the Moon behave as a two-body system, rotating around a common centre of mass. The Earth rotates eccentrically round this so-called barycentre which is located within the Earth and lies about 4700 km from its centre. The centrifugal forces are directed parallel with the line joining the centres of the Earth and the Moon and have the same magnitude at any points. The gravitational force will not be the same at all points on the Earth's surface, because they are not at the same distance from the Moon. Points nearest the Moon will experience a greater gravitational pull from the Moon than those on the opposite side of the Earth. Moreover, the direction of the Moon's gravitational pull at any points will be directed towards the Earth's centre, so it will not be exactly parallel to the direction of the centrifugal forces, except along the line joining the centres of the Earth and the Moon. The resultant of the two forces is known as the tide-producing force. The gravitational force exerted by the Moon at the Earth's centre is exactly equal and opposite to the centrifugal force there, so the tide-producing force at the centre of the Earth is zero. Figure 1a shows the centrifugal ða o Þ, the gravitational ða P Þ and the resultant tide-producing ðb ¼ a P À a o Þ accelerations, in accordance with the forces. Figure 1b shows the resultant tidal accelerations (forces) on the whole Earth's surface and the deformation of the Earth due to tidal forces caused by the Moon. The centrifugal force acts in the same direction all over the Earth, e.g. away from the Moon. Moreover, on the side of the Earth opposite to the Moon, the gravitational attraction due to the Moon is less than it is on the side of the Earth facing the Moon. The resultant tide-producing force acts outwards on this side of the Earth. That is why there is a tidal bulge not only towards but also away from the Moon. Because the two tidal bulges maintain their positions relative to the Moon, they travel around the world at the same rate but in the opposite direction as the Earth rotates round its axis. Therefore, there are two high and two low tides during each day at any point on the Earth's surface. The Moon revolves around the Earth-Moon centre of mass once every 27.3 days, in the same direction as the Earth rotates round its own axis (24 hours). The period of the Earth rotation relative to the Moon, the lunar day is 24 hours 50 minutes. The interval between successive high (low) tides is about 12 hours 25 minutes. The period of a high and low tide is so 6 hours 12.5 minutes. The Moon's orbit is not in the plane of the Earth's Equator (as it was supposed above), but is inclined toward it. The angle between the plane of the Equator and the plane of the Moon's orbit, the declination of the orbit of the Moon is 28.5
. As a consequence of this declination is that the successive tides are not equal. The Moon has an elliptical orbit and the Earth is in one of the foci. The consequent variation in distance from Earth to Moon results in corresponding variations in tide. The Moon's elliptical orbit precesses, i.e. it rotates with a period of 18.6 years, which can be detected only in long-term tidal records. Like the Moon, the Sun also produces attractive forces and two tidal bulges at the Earth. The Sun has an enormously greater mass, but it is much further from the Earth than the Moon, so its tideproducing force is about 46 per cent of that of the Moon. The two solar tides sweep westwards round the Earth as it spins toward the east. The solar tide has a semidiurnal period of 12 hours. As the relative heights of the two lunar tides are influenced by the declination of the Moon, so there are diurnal inequalities in the solar components due to the Sun's declination (23.4 ).
The regular changes in the declinations of the Sun and Moon, and their cyclical variations in position with respect to the Earth produce very many harmonic constituents, each of which contributes to the tide at any time and place on the Earth. Besides the Moon and the Sun the influence of the nearby planets of our solar system also generates tidal accelerations on the Earth. In Table 1 the symbols, the periods and the amplitudes (relative to that of the M 2 ) of some principal tidal constituents are summarized. A more detailed description of the solid Earth tide is given e.g. by Melchior (1978) . Earth tide can be predicted and analysed by the program package ETERNA 3.30 developed by Wenzel (1996) . Using the Hartman and Wenzel (1995) tidal potential catalogue 12935 tidal waves can be taken for the calculations. The tidal forces cause the deviations from the local vertical with an amplitude of approximately 2 Á 10 À7 radian, the variation of the intensity of gravity with an amplitude of 2:4 Á 10 À7 m/sec 2 , and a relative extension of about 10 À8 between two points on the Earth's surface. The variations of these quantities can only be measured by high resolution tiltmeters, gravimeters and extensometers in observatories built in bedrocks (Mentes 2005b) . Registrations made in sediment or in soil are disturbed by other e¤ects of higher magnitude than the tidal waves and therefore the tidal phenomena cannot be observed. High buildings e.g. towers behave like a reversed vertical pendulum and so they can gain the tidal e¤ect acting on these buildings, which transfer tidal deformations to the ground in the vicinity of the object. It is the reason that in some special cases the tidal phenomena can be measured on large objects and thus these measurements are probably capable of the investigations for the health of large structures and for the study of the interaction between objects and the surrounding ground in order to assess the earthquake risk of the object.
Investigation of the tidal e¤ect at the TV-tower in Sopron
At the TV tower two, dual axis, borehole tiltmeters of type Applied Geomechanics Inc., model 722A with a resolution of 0.1 mrad were used for tidal recording. One of the tiltmeters was installed in an iron pipe placed on the concrete foundation of the 176 m high TV tower and the other one in a 3.6 m deep borehole drilled in metamorphic rock at a distance about 90 m from the tower (Fig. 2) . By this experimental solution both the tower and the ground motions were measured by comparable instrumental set-ups. Both tiltmeters were installed so that their Y axes were parallel and corresponded to the north direction (Mentes 2005c) . The sampling rate of the data collection was 1 data/ hour. The data were Fourier-analysed and processed by the ETERNA program package. To enhance the short periodic movements for the Fourier-analysis the long term trend of the raw data was subtracted from the original data and the residual signals were Fouriertransformed. The amplitude spectra are shown in Figure 4 . Diurnal and semidiurnal periods appear The amplitude ratio of M 2 and S 2 measured in the borehole corresponds to the theoretical one. In the spectrum of the tower tilt the wave M 2 cannot be seen. The reason is that K 1 is very large because of the temperature e¤ect and therefore only the solar waves appear in the spectrum. The amplitude of K 1 and S 2 is much higher in the case of the tower than in the borehole which can be explained by the daily variation of the centre of gravity of the towers due to the relative motion of the Sun. The side of the tower towards the Sun has a much larger thermal expansion than the opposite one, thus the centre of gravity moves always oppositely to the Sun and the tower tilts also in this direction. The Sun goes from east to west while the tower tilts from west to east. So the tilt of the tower has a magnitude of about four times higher in the X (east-west) direction than in the Y (north-south) one. The ratio of the amplitude of K 1 obtained at the tower and at the borehole is 30 in X direction and 15 in Y direction. It proves that the tilt of the tower is mainly of thermal origin. The changing ratio of the amplitudes K 1 obtained for the tower and the borehole can probably be used for detection of changes in the transfer function between the object and the ground. Since the diurnal and semidiurnal tidal waves have about the same frequencies as the temperature variations, therefore the temperature data were also Fourier-transformed to get sight into the temperature stability of the instruments. There are no characteristic spikes in the amplitude spectrum. The reason is that the temperature variation was low inside the instruments in the borehole and in the basement of the The raw data was involved into the tidal analysis by means of the ETERNA3.30 program package. The program can make temperature corrections automatically using the measured temperature data but we did not find di¤erences between the results obtained with temperature correction and without it because the instruments were not influenced by the temperature variations. The obtained amplitudes of the main diurnal and semidiurnal tidal waves together with the theoretical ones are summarized in Tables 2 and 3 . Instead of K 1 the wave P 1 is given in the Tables since during the tidal analysis by means of the ETERNA program, the P1 wave is more suitably separated than in the case of Fourier-analysis. As K 1 is much more disturbed by the daily temperature variations than P 1 , this latter can be better used for the comparisons. Table 2 it can be seen that the measured amplitudes of the diurnal (P 1 ) and semidiurnal (S 2 ) principal solar waves are much higher than the theoretical ones at the tower. Especially the east-west (X) component is very high because in this direction the movements of the tower due to the sunshine are much higher than in the perpendicular direction, as mentioned above. In the borehole the measured waves have about the same order of magnitude as the theoretical ones (Table 3 ). The measured amplitudes of the main lunar diurnal (O 1 ) and the semidiurnal (M 2 ) waves have about the same magnitudes as the theoretical ones. The ratio of the measured and theoretical amplitudes in the case of these waves depends on the local circumstances (e.g. sort of the soil or rock) and the gain of the tower functioning as a reversed vertical pendulum. The fact that the measured lunar waves correspond well to the theoretical ones means that the movement of the tower is strongly determined by the course of the Sun (sunshine). The ratio of the measured amplitudes at the tower and in the borehole depends on the transfer function of the ground taking place between the tower and the borehole. The program ETERNA calculates the amplitudes for groups of waves having frequencies close to each other therefore the amplitudes obtained by tidal analysis are slightly di¤erent from the ones obtained by Fourier-transformation.
Investigation of the tidal e¤ect at the church Kecske in Sopron
To test the method on another site where the level of the noise from the surroundings is much higher than at the TV-tower outside the town, the church Kecske was chosen in the downtown of Sopron. In addition this building is much smaller than the TV-tower therefore it gains the tidal waves in a smaller extent than the high tower. A tiltmeter type 722A was fastened to the wall in the choir of the church Kecske. This wall joins to the tower of the church. The Xaxis of the tiltmeter shows westwards and the Y one to the south. It was not possible to carry out simultaneous borehole tilt measurements in the downtown. Data were recorded at a sampling rate of 1 data/hour from 22.05.2001 22.05. to 31.12.2002 22.05. (Mentes 2005c ).
The short periodic variations and the Fourier-spectra were calculated in the same manner as it was done in the case of the TV-tower. The amplitude spectra of the tilt data are shown in Fig. 5 . The frequency is given in cpd (cycles per day). In both tilt components diurnal, semidiurnal, third diurnal and constituents of higher frequencies are present. The highest amplitude is at the frequency of 1 cpd which is due to the temperature variations. There are many spikes very close to each other in this frequency range, because besides tilts other constituents due to temperature variations are also present.
The results of tidal analysis calculated by means of the ETERNA 3.30 are given in Table 4 . The measured amplitudes with the exception of P 1 wave in Y direction are smaller than the theoretical ones. The reason is probably that the height of the tower of the church is between 20 and 30 m against the height of the TV-tower (176 m) thus the tidal waves are not gained so highly as in the case of the TV-tower. The di¤erences between the measured and theoretical amplitudes of the individual tidal components are smaller in the case of the church than at the TVtower. Summarizing the results of the tidal evaluation we can say that tidal constituents in the tilt data are unambiguously present. Like the TV-tower the tower of the church has also periodical daily movements due to the sunshine from west to east as it is described by Mentes (2004a) .
Conclusions
The tidal waves can unambiguously be detected at large objects and in their vicinities. The tidal components with daily period are strongly influenced by the daily variation of the temperature. Despite of this fact the tidal phenomenon can probably be a useful tool for health monitoring and earthquake risk assessment of large objects. For these purposes longtime tidal observations are needed. The changes in the obtained tidal factors can indicate changes (damages) in the structure of the object. According to our investigations (Mentes 2004a ) the long-term trend of the tidal records can also be involved into the detection of changes in the deformations and movements of large objects and into the determination of the transfer function between the ground and the object. For studying the nature of connections between the changes in the respond of the object to the tidal forces and the changes in the health of the object structure further, long-term investigations are needed in the future. 
